In most cell types, including resting skeletal muscle fibers, internal pH (pH i ) is kept constant at a relatively alkaline level. The high pH i is obtained in spite of a chronic acid load resulting from cellular metabolism and passive in¯ux of protons driven by electrochemical forces. with training and chronic electrical stimulation, and that it is reduced upon denervation and hindlimb unweighting. Moreover, athletes can have an elevated lactate/H + co-transport capacity, whereas the thigh muscle of spinal cord-injured individuals has a lower transport capacity than the one of healthy untrained subjects. Thus, it appears that the capacity of the lactate/H + transporter is affected by the level of muscle activity in both rats and humans. In addition, the rate of H + release from muscle may also be in¯uenced by capillarization and local blood¯ow. Finally the resulting pH displacement during acid accumulation is determined by the cellular buffer capacity, which may also undergo adaptive changes.
bicarbonate in¯ux), whereby the acid load is counterbalanced. The transporters involved in muscle pH regulation at rest are the Na + /H + exchange system as well as the Na + -dependent and Na + -independent Cl ± bicarbonate transport systems. The Na + /H + exchanger seems to be active at resting pH i levels in skeletal muscle. Therefore, pH homeostasis in skeletal muscle most likely involves an equilibrium between counter-directed H +¯u xes.
A minor fraction of H + release during intense exercise is mediated by the Na + /H + exchanger. The capacity of this system is increased with training and hypoxia in rat skeletal muscle. The dominant acid extruding system associated with intense exercise is the lactate/H + co-transporter. It has been demonstrated that the capacity of the lactate/H + co-transporter of rat skeletal muscle is upregulated with training and chronic electrical stimulation, and that it is reduced upon denervation and hindlimb unweighting. Moreover, athletes can have an elevated lactate/H + co-transport capacity, whereas the thigh muscle of spinal cord-injured individuals has a lower transport capacity than the one of healthy untrained subjects. Thus, it appears that the capacity of the lactate/H + transporter is affected by the level of muscle activity in both rats and humans. In addition, the rate of H + release from muscle may also be in¯uenced by capillarization and local blood¯ow. Finally the resulting pH displacement during acid accumulation is determined by the cellular buffer capacity, which may also undergo adaptive changes.
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REGULATION OF pH AT REST
In most cell types, including skeletal muscle, internal pH (pH i ) is kept constant at a relatively alkaline value. The high pH i is obtained in spite of a chronic acid load resulting from cellular metabolism and passive in¯ux of protons driven by electrochemical forces. Regulation of pH i depends on continuous activity of membrane bound transport systems able to transport H + out (or bicarbonate in), which counterbalances the acid load (Fig. 1) . In resting skeletal muscle, pH homeostasis is mainly determined by the activity of two systems: the Na + /H + exchanger and bicarbonate-dependent transport.
The Na + /H + exchange of most tissues is silent at resting pH i and is strongly activated when pH i is reduced. The system is said to have a set point near resting pH i and is therefore very suitable for the maintenance of pH i near the resting level. However, the Na + /H + exchanger in skeletal muscle seems to differ from this generally accepted scheme, as the exchanger is already active at resting pH i , and upon lowering of pH i only a moderate further activation is observed (Frelin et al. 1989 (Grossie et al. 1988 , Westerblad & Allen 1992 , or 0.04 pH unit (Kemp et al. 1994) in rat, and 0.05 unit in humans (Juel, unpubl. data) . Taken together, the Na + /H + exchange is not the sole determinant of resting pH i in skeletal muscle. Aickin & Thomas (1977) found that a minor fraction (20%) of pH regulation in resting mouse soleus (slow twitch) muscle is mediated by a transport system involving bicarbonate. In contrast, using vesicles from mixed rat skeletal muscle it has been shown that the capacity for pH regulation via bicarbonate is of the same order as the capacity of the Na + /H + exchanger (Juel 1995) , or even higher in rat white muscle (Grossie et al. 1988) . However, the ®bre type speci®c distributions of the Na + /H + exchangers and the bicarbonate-dependent systems have not been systematically examined; it could be done by use of speci®c antibodies.
Many studies using cardiac cells and vascular smooth muscle have focused on the role of bicarbonate transport in pH regulation. Based on these measurements, it can be concluded that both a Na + -dependent and a Na + -independent Cl A /HCO À 3 exchanger are involved in pH regulation, and that, also, a third bicarbonatedependent system may exist (Putnam et al. 1986 , Putnam 1990 . It must be emphasized that the function of these bicarbonate-dependent transporters in skeletal muscle is remarkably unexplored. Therefore, very little is known about function, capacity, regulation and set points of these systems in skeletal muscle.
In conclusion, pH i homeostasis in resting skeletal muscle can be described as a dynamic equilibrium between metabolic disturbances of H + balance, passive membrane¯uxes of H + and bicarbonate, and membrane transport systems mediating secondary active transport of H + and HCO
Intense muscle activity puts an extra load on the pH i regulating membrane transport systems. The accelerated cellular metabolism in¯uences pH i in several ways: CO 2 and HCO À 3 increase as a result of the increased oxidative activity; H + is used or released due to PCr metabolism; and large amounts of lactate and H + can be formed as end products of glycolysis. The lactate coupled H + production is the largest single contributor to the pH i displacement during intense muscle activity; a close correlation has been reported between lactate accumulation and pH i displacements (H + accumulation) associated with high intensity exercise (Sahlin et al. 1976 , Pan et al. 1991 .
Lactate/H + co-transport A lactate coupled H + release via the lactate/proton cotransporter requires a high lactate gradient across the sarcolemma (Juel 1997) , so it must be expected that this transport system is mainly of importance in association with intense exercise. A /bicarbonate exchange, and Na + /bicarbonate co-transport (some of these systems may operate in both directions). In addition, pH i is dependent on the internal buffer capacity.
A dominant role of lactate/proton co-transport in pH i recovery after high intensity exercise is consistent with ®ndings from in vitro studies using vesicles obtained from rat skeletal muscle. Comparisons of maximal H +¯u xes demonstrated that the H + removal capacity via the lactate/proton co-transporter is much higher than via the Na + /H + exchanger and the bicarbonate-dependent systems (Juel 1995) . In addition, an inhibition of lactate transport resulted in a more pronounced acidi®cation and accelerated the development of fatigue in isolated mouse skeletal muscle (Westerblad & Allen 1992) , whereas inhibition of the other membrane transporters had no effect on fatigue.
Role of Na
+ /H + exchange
The Na + /H + exchange system has been extensively investigated in cardiac cells and vascular smooth muscle cells, whereas only few studies have dealt with skeletal muscle.
One question is to what extent the Na + /H + exchange is of importance for pH recovery following exercise. An involvement of Na + /H + exchange in pH regulation is supported from the delayed pH recovery in electrically stimulated isolated mouse and rat muscle, which were treated with amiloride (Juel 1988 , Kemp et al. 1994 , and is supported by NMR studies of rat muscle (Syme et al. 1990) . The stimulation in these latter studies was of only moderate intensity so that lactate production was low; consequently, the proton ef¯ux was mainly mediated by the non-lactate-dependent Na + /H + exchange (Kemp et al. 1992) .
Hypertension as a model for the role of Na
Hypertension can be used as a model for investigation of the importance of elevated Na + /H + exchange activity, since the capacity of the exchange system can be enhanced by more than 100% (Kemp et al. 1993) in hypertensive subjects. This effect is mainly caused by an increased V max (Davies et al. 1991 ). However, resting pH i in muscle of hypertensive animals is only increased by 0.01 pH units (Syme et al. 1990 ). In addition, other studies found no difference (Dudley et al. 1990) .
In contrast, it is clearly demonstrated that pH i recovery in hypertensive rats (Kemp et al. 1992 ) and humans (Dudley et al. 1990 , Kemp et al. 1993 ) is signi®cantly increased. It was nicely demonstrated that the difference in recovery rate in rat muscle compared with controls could be removed with amiloride (Syme et al. 1990) , showing that the difference in recovery was solely due to the enhanced capacity of the Na + /H + exchanger.
Other pH regulating mechanisms
During intense exercise, the¯uxes of NH 4 + and alanine are each responsible for »1% of the total acid ef¯ux (Kats et al. 1986 ).
Lactate/H + transport and pH regulation
The importance of lactate/H + transport will be illustrated in two examples of pH i recovery in human muscle: one study involving intense exercise with a restricted muscle mass (the knee extensors of one leg); and another study where moderate intensity leg exercise is supplemented with arm exercise.
Regulation of pH during intense exercise
Accumulations and¯uxes of lactate and H + have been studied in human knee extensors in the recovery period after intense dynamic exercise (Bangsbo et al. 1990 , Juel et al. 1990 . With a mean work load of 65 W, and a mean time to exhaustion of 3.2 min, muscle pH i decreased from 7.14 at rest to 6.71 (range 6.5±6.87) at exhaustion. At exhaustion the average lactate concentration was 28 mmol kg A1 wet wt and the mean release was 6 mmol kg A1 min A1 . There was a close relationship between pH i recovery and the decline in lactate accumulation (Fig. 2) , suggesting that the main part of the H + release was coupled to lactate release mediated by the lactate/proton co-transporter and diffusion of lactic acid. However, a further examination of muscle H + (pH i ) and lactate recovery reveals a faster H + than lactate disappearance, which was supported by comparisons of lactate and H + release from muscle to the blood (calculated from¯ow and arteriovenous concentration differences). Approximately one-third of the proton release was not associated with lactate. This observation is consistent with contributions from the Na + /H + exchange and the bicarbonate-dependent systems. Other studies have con®rmed a 40±50% faster H + recovery than lactate recovery (see Juel 1997) .
Regulation of pH during moderate intensity exercise
The functional importance of the non-lactate-dependent pH regulating systems was demonstrated in another human study (Bangsbo et al. 1997) . When moderate intensity (36 W) knee-extensor exercise was supplemented with a period of intense arm exercise, the release of lactate from the active thigh muscles switched to lactate uptake in the period with high arterial lactate concentration due to the arm exercise (Fig. 3) . In contrast, the net release of H + was positive in the entire exercise period, although the lactate release in the active legs shifted to net uptake. Thus, the non-lactate-dependent H + transport systems were strong enough to mediate a net H + release and to bring about a dissociation between the exchange of lactate and protons in the active leg muscles (Bangsbo et al. 1997) .
In conclusion, because lactate/H + transport mainly is determined by the lactate gradient, this transporter will be dominant during and after high intensity exercise. The non-lactate-dependent transport systems become relatively more important during low intensity exercise and they are responsible for the ®nal regulation of pH i around the resting level.
There have been no reports of hormone effects on the lactate/H + transporter, whereas the Na + /H + exchanger has been shown to be sensitive to insulin (Frelin et al. 1989) , which could be of importance for pH regulation in association with muscle activity.
A D A P TI V E C HA N G E S I N p H R E G U L A T IO N

Changes in lactate/H + co-transport
Training has been shown to reduce both lactate accumulation and pH displacement during exercise (Karlsson et al. 1974 , Sahlin & Henriksson 1984 , Troup et al. 1986 ). The underlying mechanisms could be changes in substrate choice as well as an improved lactate clearance after training (Donovan & Brooks 1983) . However, another component that might be involved in the observed alterations is an adaptive change in the lactate/H + transporter. The capacity of this transport system is increased in rat skeletal muscle by treadmill training (McDermott & Bonen 1993 , Pilegaard et al. 1993 and chronic low-frequency electrical stimulation (McCullagh et al. 1996) , and it is decreased by denervation (McCullagh & Bonen 1995 and hindlimb unweighting (Dubouchaud et al. 1996) . These ®ndings show that lactate transport in rat skeletal muscle depends on the level of muscle activity. In humans, the lactate/H + transport rate is elevated in some highly trained athletes (Pilegaard et al. 1994) , and it is lower in the thigh muscle of spinal cord-injured individuals than in untrained, healthy subjects (Pilegaard et al., unpublished data) . Thus, the capacity for pH regulation via the lactate/proton co-transporter appears to undergo adaptive changes in both rat and human skeletal muscle (Fig. 4) . + recovery is slightly faster than lactate recovery (Juel et al. 1990 ). The main part of the restoration of resting pH after the exercise bout is mediated by the lactate/H + co-transporter. Figure 3 Lactate release and non-lactate coupled H + release from the knee extensor during moderate intensity exercise (36 W) supplemented with a period of intense arm exercise. During arm exercise, which raised the blood lactate concentration, the lactate release from the active leg muscle was turned to a lactate uptake. The non-lactate-dependent H + release exceeded the lactate uptake, resulting in a positive H + release in the entire exercise period. Thus in this experiment there was a clear dissociation between lactate and proton exchange, mainly mediated by the non-lactate-dependent transporters: Na It could be speculated that the underlying mechanism for the adaptive changes in lactate/H + transport involves low pH or accumulated lactate. However, the ®ndings that lactate/H + transport in rat skeletal muscle is increased with both intense intermittent training and endurance training speak against lactate and pH as the sole stimulating factors. Moreover, repeated short-term hypoxic treatments, which increased the blood lactate concentration to a level as high as during intense treadmill running, had no effect on rat lactate transport capacity (Juel, unpublished data) . Therefore, it appears that others factors associated with muscle activity could be involved in the adaptive response.
Changes in Na
+ /H + exchange Acidosis has been reported to increase the Na + /H + exchange capacity in primary cultures of isolated cardiac myocytes (Fliegel & Dyck 1995) and in renal cells (Horie et al. 1990) . Studies addressing the same question in skeletal muscle have been lacking. However, it has been found in giant vesicles obtained from rat skeletal muscle that the capacity of the Na + /H + exchange is signi®cantly increased by intense treadmill training and repeated short hypoxic treatments, whereas endurance training was without effect (Juel, unpublished data) . Thus, the exchanger is also able to undergo adaptive changes.
Changes in buffer capacity
The pH changes in muscle not only are dependent on the acid production, but are also in¯uenced by the buffer capacity, which determines the extent of acidi®cation with a given acid load. Two different measures of buffer capacity have been used in the literature: the in vitro and the in vivo buffer capacities.
The in vitro buffer capacity (b in vitro ) is the physiochemical bicarbonate-independent buffer capacity which can be determined by titration. The unit can be mmol pH A1 unit kg A1 wet wt, which reveals changes in the amount of dry matter, or mmol pH A1 unit kg A1 dry wt, which characterizes the quality of the dry matter as a buffer.
Some studies have reported a weak positive correlation between the in vitro determined buffer capacity and the percentage occurrence of type II ®bers in the muscle (Parkhouse & McKenzie 1984 , Mannion et al. 1995 .
Changes in in vitro buffering
The in vitro determined buffer capacity of human skeletal muscle has been reported to be affected by training: trained subjects had a 12% higher protein content per kg wet wt than untrained individuals (Sahlin & Henriksson 1984) . Furthermore, 7 weeks of sprint training increased muscle buffer capacity by 11% (Bell & Wenger 1988) and 12 Slykes 12 times higher buffer value was seen in deprotenized samples from trained compared with untrained subjects (Parkhouse & McKenzie 1984) . The enhanced in vitro determined buffer capacity after training has been attributed to an increased level of dipeptides such as carnosine, which is mainly present in white muscle (Parkhouse & McKenzie 1984) . In contrast, other studies have reported that no changes occured in in vitro buffer capacity after 7±16 weeks of training (Nevill et al. 1989 , Mannion et al. 1993 Lactate/H + co-transport capacity and level of muscle activity. The bars represent percentage changes in lactate/H + transport capacity upon various manipulations in rats, spinal cord-injured individuals (SCI) and highly trained athletes compared with the capacity in untrained subjects. The transport capacity was measured in sarcolemmal vesicles. McKenna et al. 1996) . In conclusion, changes in b in vitro with training are rather small, if present at all.
Changes in in vivo buffer capacity
The in vivo buffer capacity is calculated from the changes in muscle lactate and H + concentration (b Dlactate/DH + ). Samples have been obtained during muscle activity or in the recovery period. The in vivo buffer capacity is a dynamic measure of buffer capacity, where the bicarbonate/CO 2 buffer system, metabolic changes in ion concentrations and ion¯uxes are taken into account together with the physiochemical buffering. The in vivo buffer capacity is normally higher than the in vitro determined buffer capacity because¯uxes of H + , lactate and bicarbonate are included (Mannion et al. 1993) . The reported adaptive changes in in vivo buffer capacity are signi®cant: trained subjects had a 18% higher in vivo buffer capacity than untrained subjects (Sahlin & Henriksson 1984) , and 8 weeks of sprint training increased the in vivo buffer capacity by 38%, whereas endurance training had no effect (Sharp et al. 1986) . In rats, 6 weeks of treadmill training elevated the in vivo buffer capacity of soleus and EDL muscle by 29 and 19%, respectively (Troup et al. 1986 ). Thus, the increase after sprint training in in vivo buffer capacity is larger than the changes in in vitro buffer capacity. This difference is consistent with the training-induced enhancements in both the lactate/H + co-transport and the Na + /H + exchange (see above), which will only affect the in vivo determined buffer capacity.
It must be noted that an increased activity of lactate/H + co-transport will change the calculated in vivo buffer capacity (b Dlactate/DpH + ), although the transporter removes lactate and H + in a 1:1 ratio. For instance, if the cellular lactate and H + concentrations are halved, the numerator will be reduced by a factor of 0.5, whereas the denominator will be reduced by a factor of »0.3, because of the logarithmic nature of pH. Consequently, an apparent decrease in the calculated in vivo buffer capacity is obtained. The same argument holds for the metabolic clearance of lactate and H + , which is also supposed to proceed in a 1:1 ratio.
Adaptive changes in the capacity of the Na + /H + exchanger will directly and signi®cantly affect the in vivo buffer capacity because only H + is removed. For these reasons the calculated in vivo buffer capacity may change both during muscle activity and in the recovery period, a fact which must be taken into account if values are compared. In conclusion, the marked training effect on the in vivo buffer capacity is mediated by a combination of changes in metabolic capacity and enhanced membrane transporter capacity.
Lactate production in skeletal muscle is also modi®ed with training, and less lactate is formed in trained compared with untrained subjects at a given absolute work load. This ®nding can explain the fact that the DH + /work is decreased in all training studies (for review, see McKenna et al. 1996) .
Based on the observations that muscle buffer capacity can be increased by training and that the buffer capacity refers to the ability of the tissue to resist pH changes during an acid load, it may be a surprise that trained subjects often accumulate less lactate than untrained at exhaustion of high intensity exercise (Sahlin & Henriksson 1984) . Apparently, the higher buffer capacity in trained subjects is not used to allow for an increased lactic acid accumulation. This notion once more draws the attention to the fact that there is not necessarily a simple relationship between muscle pH changes and muscle fatigue.
B LO O D FL O W A N D p H R E G UL A TI O N
The release of H + from active muscle is not only dependent on membrane properties, but may also be affected by capillary density and blood¯ow. It has been demonstrated that muscle blood¯ow can be modi®ed with training in rats (Armstrong & Laughlin 1984) , and ®ndings in the perfused rat hindlimb indicate that a reduced blood¯ow will lower the release of lactate and H + from the muscle . In addition, blood¯ow may be regulated by interstitial pH and lactate, since these substances in¯uence the sympathetic nerve discharge (Victor et al. 1988) The role of the Na +
